Abstract: We demonstrate a compact supercontinuum (SC) all-fiber laser source for multimodal coherent anti-Stokes Raman scattering (CARS) microscopy based on an Er-fiber seed. It can be used in both high-speed narrowband CARS microscopy and broadband CARS spectroscopy at tens of milliseconds per pixel, by simply switching without realignment. The common pump pulses, generated from the SC in a highly nonlinear fiber (HNLF), are obtained after spectral filtering. The central wavelength of pump pulses is 1067.2 nm with a bandwidth of 0.8 nm, which provides a high-spectral resolution (<10 cm -1 ). By combining with the narrowband Stokes beam, which is directly obtained from the Er-fiber oscillator around ∼1550 nm, we can achieve a narrowband CARS microscopy in frequency shifts of ∼2700 to ∼3200 cm -1 . The SC Stokes beam in a broadband CARS spectroscopy ranging from 1150 to beyond 1700 nm is generated in an HNLF, with vibrational spectra over a bandwidth of more than 2800 cm -1 . We also analyzed the influences of different HNLFs on the SC generation both in simulation and experiment. The capability of our system in a multimodal CARS microscopy is demonstrated by the CARS detection of polystyrene and pork.
Introduction
Nonlinear optical imaging technologies have proven to be useful tools in biomedical optics [1] . Among all, coherent anti-Stokes Raman scattering (CARS) microscopy is one of the most promising nonlinear techniques that is label free, highly sensitive and chemoselective [2] . It has been widely used for obtaining functional information from chemical and biological systems [3] . In order to excite CARS signal, two laser beams, namely, pump (ω p ) and Stokes (ω s ), are generally needed. When the frequency difference (ω p −ω s ) between the two laser beams matches Raman-active molecular vibration, CARS signal will be generated at a new optical frequency of (2ω p −ω s ) [4] , [5] . According to the spectral coverage excited by light source, CARS have been developed from narrowband CARS to broadband CARS used in different applications. Narrowband CARS detects narrow regions of the Raman spectrum, which have been widely used in CARS microscopy in lipid spectral region (∼2700 cm −1 to 3300 cm −1 ) at video-rate [6] . In contrast to the rapid imaging of narrowband CARS, broadband CARS can simultaneously identify the complete spectral band from 'fingerprint' (∼500 cm −1 to 1800 cm −1 ) to lipid spectral region of the sample, which is usually applied to obtain broadband CARS spectroscopy at a few milliseconds per pixel [7] , [8] . In lots of applications, high-speed biological imaging in lipid region and broadband spectral analysis in fingerprint region are simultaneous demand [9] . However, for the light source, there is a trade-off between the two requirements. Therefore, researchers are seeking high-speed hyperspectral CARS techniques, such as spectral-focusing CARS [10] and comb CARS [11] . However, the spectral information is so abundant that the imaging speed is limited by delay tuning in the former and refresh rate of the interferograms in the latter. Therefore, a multimodal CARS microscopy, which for both high-speed narrowband CARS microscopy and broadband CARS spectroscopy at whole Raman window, is a promising scheme.
With respect to light sources, solid-state lasers are typically used for CARS, the parameters of which are suitable for the CARS process. For example, two synchronized Ti:Sapphire lasers [12] and optical parametric oscillator (OPO) [13] were used for narrowband CARS microscopy in lipid region or fingerprint region. Continuum-based broadband CARS microspectroscopy was also demonstrated by using a Ti:Sapphire laser to pump a photonic crystal fiber for SC generation, where the broadband CARS spectra was acquired from fingerprint to lipid region simultaneously [14] . However, the complexity and expensive cost of such excitation sources based on solid-state lasers will hinder its use outside laboratories. Therefore, a light source based on fiber lasers, which have compact, low cost and alignment-free performances, would make CARS more accessible for practical applications [15] - [17] . Fiber-based light sources for narrowband CARS microscopy in lipid spectral region have been presented by second-harmonic generation (SHG) [18] , [19] and parametric processes (OPO, four-wave mixing and optical parametric amplifier) [20] - [22] . As for broadband CARS spectroscopy, fiber-based light sources have been reported by wavelengthtunable Stokes [23] , [24] , or by employing SC Stokes [25] - [28] . The spectral bandwidth in the former systems is not sufficient in diagnosing complex samples while the latter can detect a broadband vibrational spectrum.
Here, we present a fiber laser source for multimodal CARS system with both narrowband CARS microscopy and broadband CARS spectroscopy. The seed laser is a compact home-made Er-fiber oscillator operating at 1550 nm. The narrowband picosecond pump pulses centered at 1067 nm are obtained after spectral filtering from the SC, generated when the amplified seed enters a highly nonlinear optical fiber (HNLF). In narrowband CARS microscopy mode, the high power Stokes beam is directly obtained from compressed pulses in ∼1550 nm, corresponding to the frequency shifts of ∼2700 cm −1 to ∼3200 cm −1 . In broadband CARS spectroscopy mode, the SC Stokes beam ranging from 1150 nm to more than 1700 nm are also generated in a HNLF, with the frequency shifts over a bandwidth of more than 2800 cm −1 . Besides, the effects of different HNLFs to the generation of SC are also analyzed both in simulation and experiment. We successfully use this multimodal system to obtain CARS spectra and images of polystyrene and pork.
Experimental Setup
The experimental setup for multimodal CARS microscopy is schematically shown in Fig. 1(a) . A home-made Er-fiber femtosecond oscillator serves as the seed laser, which is mode-locked by single-wall carbon nanotube saturable absorber. The center wavelength, spectral bandwidth and pulse duration of the seed are 1555.08 nm, 5.49 nm [see The output pulses from the oscillator first pass through an isolator, and then splits into two beams using a 50:50 fiber coupler (FC). Each beam is amplified by a two-stage Er-fiber amplifier, followed by a length of single-mode fiber (SMF) for pulse compression. Then, one beam is first coupled into a HNLF to broaden the spectrum to ∼1 μm, and a narrowband fiber Bragg grating (FBG) is used to filter it. After a three-stage Yb-fiber amplifier, the high-power pump beam for CARS is obtained. For another beam after compression, two different ways are used to obtain Stokes beams, which could be employed in multimodal CARS microscopy. One way is coupled into a HNLF for SC generation, which can be used in achieving broadband CARS spectroscopy. Another is directly used as Stokes beam for high-speed narrowband CARS microscopy. Two different modes can be switched by changing the HNLF (broadband CARS) to SMF (narrowband CARS) with a standard fiber connector (optical fiber flanges). No realignment is required when switching between the two different modes. An optical delay line in free-space with fiber pigtail (ODL-100, OZ optics) in the pump beam is used to adjust the temporal overlap of the two beams. The pump beam is further compressed by a pair of gratings for high peak power.
The proposed fiber laser source is employed in multimodal CARS microscopy. The pump and Stokes beams are combined by an 1150 nm long-pass dichroic mirror. Subsequently, two aspheric lenses (numerical apertures 0.42) are used to focus the excitation beams and collect the forward CARS signal. The CARS signals are detected by an avalanche photo detector (APD, Thorlabs APD120A/M) followed by an oscilloscope in the narrowband CARS mode, or by a spectrograph (HORIBA IHR320).
SC Generation

Amplification and Pulse Compression
The pulses from the seed can propagate through a same amplifier and then multiplexed by a 50:50 FC for generating pump and Stokes beams. However, the pulse energy of each beam is not sufficient for SC generation in the present experiment. So, the pulses from the seed are first split into two beams by a FC [see Fig. 1(a) ], then propagating through a two-stage Er-fiber amplifier, respectively. For the similar performances of two beams after FC, the followed Er-fiber amplifiers share the same structures. Each stage of Er-fiber amplifier in two beams consists of three sections, which are an input lead of SMF, the Er-doped fiber (EDF), and the output SMF. In this work, a ∼3 m length of low concentration EDF (Er40-4/125, LIEKKI) with normal dispersion is used in each amplifier, backward pumped by a 980 nm diode laser. The Er fiber is used not only for providing gain, but also for spectral broadening and pulse stretching. The pulse energies slowly increase when the pulses transmit in the low gain EDF. At the same time, the pulse duration can continuously broaden under the action of positive dispersion, which reduces the peak power and prevents the pulses from splitting due to excessive nonlinear effect during amplification. The segment of SMF is used for temporal pulse compression. When 980 nm pump power is up to 600 mW, the output power after amplification is around 125 mW. After output SMF with ∼1.6 m long, the pulse is compressed to 62 fs. The measured spectra (∼1500 nm to ∼1620 nm) and AC trace after the compression by output SMF are shown in Fig. 2 . The peak power of the pulse is estimated to be 45.6 kW except the energy of sideband. The obtained pulses can be directly used as Stokes beam for high speed narrowband CARS microscopy, or be used for SC generation to obtain pump beam and Stokes beam in broadband CARS spectroscopy.
Simulation and Experimental Results of SC Generation
SC generation in HNLF is very important to obtain pump and the broadband Stokes beams in our experiment. To gain more insights into the SC generation, we first looked into the spectral broadening in HNLFs by numerical simulation. A generalized propagation equation is used in our numerical model [29] :
where A(z, t) is the electric field envelope, α is the attenuation coefficient of fiber, β k are the dispersion coefficients at center frequency ω 0 = 2πc/λ 0 , λ 0 is the center wavelength, γ is the nonlinear coefficient, R(t) is the response function. A chirp-free Sech-shape pulse with the form 
is assumed in our simulation, where P 0 is the peak power and T FWHM is the pulse intensity full width at half-maximum (FWHM). Fig. 3 shows the simulated spectra of generated SCs in two different HNLFs, respectively, available in our laboratory with the dispersion coefficients and nonlinearity coefficient list in Table 1 . The HNLF A and the HNLF B are commercial products from YOFC Corporation with fiber label of NL-1550-POS and NL-1550-ZERO, respectively. We set the parameters similar to those in experiment, namely: T FWHM = 62 fs, λ 0 = 1555 nm, P 0 = 45.6 kW, the length of HNLF 3 m, R(t) is the same as that in Ref. [30] , and neglecting the fiber attention(α = 0). It can be seen that the bandwidth of SC originated from HNLF B is much broader than that originated from HNLF A, which can be broaden to ∼1 μm regime. So we chose HNLF B for SC generation in our experiment.
In order to get a high-power pump beam for CARS microscopy, the SC needs to broaden to the gain region of Yb-doped fiber. The pulse trains after compression, which obtained in part 3.1, are coupled into a 3 m HNLF B for SC generation. The blue curve in Fig. 4(a) shows the output spectrum. After through a 0.56 nm FBG centered at 1067 nm and a three-stage Yb-fiber amplifier, we achieved narrowband pump beam with average power to 200 mW. The pulses are then compressed by a pair of gratings. The center wavelength, bandwidth and pulse duration of the compressed pump pulses are 1067.2 nm, 0.8 nm [see Fig. 4(b) ] and 3.78 ps [see Fig. 4(c) ], respectively, which provides a spectral resolution of 7 cm −1 . Combined with the Stokes beam directly obtained from compressed pulse trains in part 3.1, we can achieve narrowband CARS microscopy for frequency shifts from 2700 cm −1 to 3200 cm −1 . As for broadband CARS spectroscopy, the Stokes beam is obtained based on SC from a 1.5 m HNLF B [green curve in Fig. 4(a) ] to optimize the SC stokes. After a 1150 nm long-pass filter, we achieved a broadband Stokes beam spanning from 1150 nm to beyond 1700 nm, with vibrational spectra over a bandwidth of more than 2800 cm −1 .
Experimental Results of Multimodal CARS Microscopy
We perform broadband CARS spectroscopy as the first experimental demonstration, in which the CARS signal is detected by the spectrograph. Fig. 5(a) shows the CARS spectra of polystyrene over To demonstrate the performance in narrowband CARS microscopy, we acquire the CARS images of polystyrene at single-band Raman shift. The sample is a polystyrene slice covered with a crystal [see Fig. 5(e) ]. The total average power at the sample is about 150 mW. The imaging processes are obtained every 10 μm. Generally, the narrowband CARS signal can be achieved by narrowband pump and Stokes beams obtained by spectrum filter. In the present experiment, the frequency difference between the pump and Stokes beams is tunable by adjusting the time overlap due to the chirp of the pulses, which is similar to spectral filtering. Therefore, narrowband CARS spectrum can be obtained without spectrum filter. For example, the single-band CARS spectrum at Raman shifts of 2890 cm −1 is acquired by adjusting the time coincidence of pump and narrowband Stokes beams [see Fig. 5(b) ]. Fig. 5(c) and (d) show the CARS images in single sampling and 60 times average, respectively, where the generated CARS signals are forward detected by the APD (bandwidth 50 MHz). It can be seen that, the images are well matched with CCD image of the sample, which shows the capability of the proposed fiber laser source in narrowband CARS microscopy.
The multimodal CARS microscopy can also be realized based on an Yb-fiber laser, with the pump pulses obtained after a narrowband filter centered at ∼1 μm and SC up to 1.5 μm Stokes pulses generated in a HNLF. However, limited by the available devices in our laboratory, the SC cannot reach 1.5 μm in our former work [27] . In the present experiment, the pump beam is obtained by filtering SC, which is broadened from 1550 nm to 1067 nm based on an Er-fiber laser. Furthermore, the pulse at ∼1550 nm can be compressed in SMF, which is beneficial to realize all-fiber laser source. Although the amplitude fluctuation of the SC would weaken the signal-to-noise ratio (SNR) of CARS signal in single sampling [see Fig. 5(c) ], which could be solved by multiple times average [60 times average in Fig. 5(d) ]. While the repetition frequency of seed laser is 20.84 MHz, the single CARS signal is generated every ∼50 nanoseconds. The acquisition time is several microseconds if sampling in 60 times average, which is over three orders of magnitude faster than obtained by spectrograph in broadband CARS mode. To demonstrate its application for biological detection, CARS spectrum and image at 2800 cm −1 to 3000 cm −1 shift from a piece of pork are presented in Fig. 6 . The CARS signals are detected in narrowband CARS microscopy mode. Fig. 6(a) shows the Raman spectrum of lipid in pork that is detected by the spectrograph, in which the frequency shift of 2850 cm −1 corresponds to the CH 2 stretching vibration. Fig. 6(b) shows the 60 times averaged CARS image at Raman shift of 2850 cm −1 . The image signal is obtained by APD, with field of view 220 × 100 μm 2 (22 × 10 pixels) in every 10 μm step. This preliminary experiment showed the capability of our system in biological imaging.
Conclusion
A multimodal CARS system both for narrowband CARS microscopy and broadband CARS spectroscopy were proposed and demonstrated based on a compact Er-fiber laser. The narrowband pump pulses (0.8 nm centered at 1067.2 nm) provided a high spectral resolution (<10 cm −1 ). CARS spectra of polystyrene over the 900-3300 cm −1 spectral range was achieved in broadband CARS spectroscopy mode, with the integration time in tens of milliseconds scale. Meanwhile, narrowband CARS microscopy was demonstrated by the CARS image at Raman shifts of ∼2890 cm −1 . Besides, CARS spectrum and image of a piece of pork in lipid spectral region was also presented to demonstrate its application for biological detection. The results suggest the capability of our multimodal system promising in spectrum analysis and biochemical imaging. We believe that such multimodal CARS system will benefit for fast analysis and imaging of complex composition.
